Abstract-An analysis of nonlinear effects associated with a chevron thermal micro-actuator with a built in thermal position sensor under static conditions is presented in this paper. The nonlinearities present in both actuator and sensor are studied. The phenomena considered for the sensor include: thermal coupling from actuator to sensor and temperature dependence of electrical resistivity. Those considered for the actuator include: non-uniform spatial distribution of temperature in arms, temperature dependency of thermal expansion coefficient, deviation of arm shape from straight line due to physical constraints, and temperature dependence of electrical resistivity.
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I. INTRODUCTION

H
IGH precision nanopositioning is a necessity in a number of applications, including scanning tunneling microscopy (STM) [1, 2] , atomic force microscopy (AFM) [3] , nano-metrology [4] , biology [5] , ultrahigh density probe storage system [6] [7] [8] , and atom manipulations [9, 10] . Nanopositioning in scanning probe microscopy (SPM) is traditionally performed by scanning stages in the form of tripods [11] , tubes [12, 13] , or flexures [14] [15] [16] . These nanopositioners typically have high positioning accuracy with a large dynamic range and a wide bandwidth, enabling fast and robust closed-loop position control [17] . Although macro-scale nanopositioners such as piezoelectric actuators can achieve nanometer-scale positioning resolution and accuracy, they are relatively large, expensive, difficult to integrate in MEMS devices, and require high voltage values [18, 19] . Microelectromechanical System (MEMS) nanopositioners have attracted increasing interest Manuscript received June 10, 2011; revised October 27, 2011; accepted November 15, 2011. Date of publication December 6, 2011; date of current version April 20, 2012 . The associate editor coordinating the review of this paper and approving it for publication was Prof. Ralph Etienne-Cummings.
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Digital Object Identifier 10.1109/JSEN. 2011.2178236 recently due to their small size, low cost, fast dynamics and the emergence of applications such as probe-based data storage [20, 21] . Electrothermal MEMS actuators can provide large forces at moderate voltage values. Hence, they have been used in many applications, such as investigating live biological cells [22] and linear and rotary micromotors [23] [24] [25] [26] .
Recently, incorporation of a thermal sensing scheme was reported in a MEMS electrostatic actuator [27] and a probebased storage device [28, 29] . Micro-heaters were used to measure the motion of a MEMS micro-scanner with resolution of less than 1 nm. Also, the positions of electrothermal actuators were precisely controlled in feedback loops by onchip sensors that work based on piezoresistivity [30] or thermal variation of electrical resistivity [31] . Compared to the capacitive schemes, thermal actuation and sensing involve lower actuation voltages, smaller footprint, and less complicated circuitry and integration mechanisms [32] .
Efficient design of micro actuators and sensors in MEMS and NEMS devices can be significantly improved if reliable models are provided in advance. As electrothermal sensing in MEMS has been under investigation for only a few years, few modeling work can be found in the literature. A single beam electrothermal sensor was modeled in [33] . However, There is a need to develop a better understanding of the thermal coupling from actuator to sensor and the differential sensing scheme used in the on-chip sensing [31] . MEMS-based electrothermal actuation has been studied extensively [34, 35] . However, in most cases, small strains and displacement are considered and the shear deformation of the beams is assumed to be negligible. These assumptions are not applicable in MEMS devices that undergo large displacements and are thus nonlinear, e.g. nanopositioning stages with large dynamic ranges.
This work considers modeling of various nonlinear effects in a chevron thermal micro-actuator with a built in thermal sensor. The nonlinearities are included in a step-by-step and cumulative manner, such that the effects of all nonlinear phenomena are considered simultaneously at last. The objective of this paper is to develop simple analytical methods that include major nonlinear phenomena affecting the actuator and sensor under static conditions. Simulations are validated by experimental results obtained from a MEMS nanopositioner equipped with electrothermal actuation and sensing. 
II. DESCRIPTION OF ELECTROTHERMAL BASED NANOPOSITIONER
The conceptual schematic view of the nanopositioner is presented in Fig. 1 . The device is micro-fabricated from singlecrystal silicon using a commercial bulk silicon micromachining technology-SOIMUMP in MEMSCAP [36] . This process has a 25 μm thick silicon device layer and a minimum feature/gap of 2 μm. The Scanning Electron Microscope (SEM) image of the whole device and a section of it are provided in Fig. 2 . The position sensors are two beam-shaped resistive heaters made from the doped silicon. Application of a fixed dc voltage across the heaters results in a current passing through them, thereby heating the beams. As a heat sink, a rectangular plate is placed beside the beam heaters with a 2 μm air gap. The positioner stage is actuated by a thermal actuator, as illustrated in Fig. 2 .
Before applying a voltage across the actuator, the positioner stage is at the initial rest position (dashed box in Fig. 1 ), where the two edges of the sink plate are exactly aligned with the middle of the two thermal resistive sensors R 1 and R 2 . The sensors are biased by a dc voltage source V dc , and the heat generated in the resistive heater is conducted through the air to the heat sink plate (positioner stage). As the plate is centered between the two thermal sensors, the heat fluxes out of the sensors are identical, thereby equaling the temperature and resistance of the sensors. After applying a voltage on the actuator beams, the positioner stage is displaced towards left, the heat flux associated with the sensor on the left increases, while that associated with the sensor on the right decreases, resulting in a decrease in the resistance of the left sensor (R 1 ), and an increase in resistance of the right sensor (R 2 ). Thus, the displacement information of the positioner stage can be detected by measuring the resistance difference between the two sensors. The differential changes of the resistance result in current variations in the beam resistors, and the currents are converted to an output voltage using the trans-impedance amplifiers and an instrumentation amplifier. To suppress the common-mode noise, the gains of these two trans-impedance amplifiers must be well matched. Employing the differential topology allows the sensor output to be immune from undesirable drift effects due to changes in ambient temperature or aging effects.
III. SENSOR ANALYSIS
The objective of this section is to predict the sensor temperature and resistance as a function of sensor bias and actuator displacement. To simplify the analysis, lumped parameter approach and constant stationary conditions are considered. This means we assume a uniform temperature distribution in each sensing resistor.
A. Resistivity Temperature Profile
As the sensing resistors are made from highly doped Silicon, their resistivity is strongly dependent on their temperature. Since the resistivity of un-doped silicon is very high, the resistance of each sensing resistor is almost equal to that of the highly doped layer. Let us assume that the depth of the highly doped layer is 2μm with a uniform donor dopant concentration of n o = 10 20 cm −3 . At room temperature (300K), the resistivity model mentioned in [33] predicts an electric resistivity of 1.56 × 10 −5 m. Hence, the sensor beam can be considered as a 100μm length bar whose cross section is a square with 2μm sides. For this bar, the calculated resistivity yields a 390 resistance, which agrees with the experimental results (the first row of Table 2 ). With the selected dopant concentration, the resistivity model in [33] predicts a temperature profile for electrical resistivity ρ, as shown in Fig. 3 with the thick curve. From this profile, the differential temperature coefficient of resistivity, defined by:
is obtained in terms of temperature T as shown in Fig. 4 . The straight line in Fig. 3 is a rough linear approximation of resistivity for temperatures less than 1500K, which is described as:
where α o = 3.7822 × 10 −4 (1/°C) is the temperature coefficient of resistivity, T amb is the ambient temperature, and ρ amb refer to resistivity at ambient temperature.
B. Linear Analysis
The results in following example, which is based on lumped parameter analysis for prediction of temperature in terms of the applied voltage, will be used subsequently.
Example III-B: Electric resistance of a resistor at room temperature is R o ( ) and its variation with temperature can be described by a constant temperature coefficient α (1/°C). The overall thermal conductance between the resistor and the outside world, including its connection to a voltage source, is K (W/°C). If the internal resistance of the voltage source is negligible compared to the resistor, what would be the steadystate temperature of resistor for a constant voltage of V (vlots) and room temperature of T o ?
Assuming a uniform temperature distribution T across the resistor, we can equate the electric power generated in the resistor with the thermal power flow from the resistor to the outside world:
When the constant α does not depend on temperature, the resistance value and its temperature can be formulated in the following form: 5 shows the schematic diagram of the heat sink plate and the sensor, which is described by two resistances. At zero actuation, variable x is equal to 0.5L with L referring to the length of each sensor beam. In this way, lengths x and L − x of the right and left sensor beams are not adjacent to the heat sink, respectively. Let us define K 1 and K 2 as the overall thermal conductances from electric resistors R 1 and R 2 of the sensor to the area around the sensor, respectively. As the plate in Fig. 5 moves to the left, K 1 increases while K 2 decreases. Let us assume a simple dependency between the thermal conductances and the plate position x, in the following form:
wherex ≡ x/L is the normalized position, and K min and K max refer to minimum and maximum thermal conductance of each resistor. Neglecting the thermal cross-coupling between the beams, the results in Example III-B can be used to predict the steady-state values of resistances and their corresponding temperatures in the following form: where R o is each resistance value at zero bias voltage. At zero actuation, wherex = 0.5 and
we assume that the sensing resistors match and the sensor output is zero. Hence, the sensor output voltage is proportional to R −1
2 . This difference between the electric conductances, which changes with the distance x, can be employed to measure the displacement. The following simulation presents the predicted sensor output by the foregoing simple lumped parameter analysis.
Simulation III-B: Assuming the following parameter values and using (6) and (7), the steady-state values of temperatures, resistances, and senor output for different position values are obtained as shown in Fig. 6(a)-(c) , respectively.
C. Thermal Coupling from Actuator to Sensor
The foregoing simulation predicts an almost linear dependency between the sensor output and displacement. In section III-B, we assumed that the displacement does not have any effect on the temperature of the area around the sensing resistors. In other words, we assumed that the temperature around the sensing resistors, denoted by T o , is identical to the ambient temperature T amb . However, the displacement in the actuator is caused by thermal expansion. Hence, under stationary conditions, the sensor area temperature (T o ) increases with the displacement x. Due to lack of suitable instrumentation to measure the temperature of the sensor area, we set up the following experiment to approximate the sensor area temperature T o .
Experiment III-C (Effect of Actuation on Un-biased Sensor Resistances): For different actuation voltages, the values of sensor resistances were measured, without applying an external bias voltage to the sensor, as shown in Fig. 7 and Table 2 . For zero actuation voltage, we can assume that all parts are at room temperature and the values of sensor resistances are almost 390 . It is observed that the un-biased sensor resistances increase by about 6.4 percent for a 12μm displacement, just due to transfer of heat from actuator to sensor.
With the temperature coefficient of sensing resistors as given in Table 1 , the 6.4 percent resistance increase in the unbiased sensor corresponds to 169.2°C increase in sensor area temperature. Since the edges of the plate align with the middle of sensing resistors at zero actuation, a zero displacement corresponds tox = 0.5. With L = 100μm, the sensor area temperature can be roughly approximated in terms of the normalized displacement and ambient temperature as:
Using (8) and the given temperature coefficient in Table 1 , the value of unbiased sensing resistances in terms of displacement can be written as:
where R amb refers to sensor resistance at zero actuation and no bias voltage. Now, we can approximate the effect of thermal coupling from the actuator to the biased sensor, in stationary conditions. To do this, we replace T o and R o in (7) by their position dependent values on the right hand sides of (8) and (9), respectively. With the same parameters and ambient values as in Simulation III-B, we obtain the results shown in Fig. 8 , where effect of no thermal coupling on sensor output is also included in Fig. 8(c) for comparison.
D. Effect of Nonlinear Temperature Coefficient
In the foregoing analysis, we assumed a linear temperature profile for electrical resistivity with a positive temperature coefficient. As shown in Fig. 3 , the resistivity is a highly nonlinear function of temperature. Moreover, the differential temperature coefficient, shown in Fig. 4 (up to the melting point of Silicon), becomes negative at high temperatures. If the effect of the nonlinearity is to be taken into account, we can not use closed-from solutions such as Eqs. (4), (5), and (7). Here, we use numerical solutions to consider the effect of the nonlinearity on the sensor under stationary conditions. Normalized sensor output
With coupling Let us assume that the resistivity has a known temperature profile, as depicted in Fig. 3 . In this way, the heat transfer equation in Example III-B can be written as:
where t refers to time, C is the heat capacity of the resistor, and L and A are its length and cross sectional area, which are assumed to be constants. For a constant bias voltage V , an equilibrium point of T = T e vanishes the right hand side of Eq. (10), denoted by function f (T ). To have an equilibrium point below the melting point T m of silicon, the minimum value of function f in the interval of [T o ,T m ] needs to be negative. This condition can be stated as:
Because of the nonlinear dependence of f on T , we may have more than one solution for the equilibrium. A stationary condition, however, corresponds to a stable equilibrium. Using Eq. (10), the stability of equilibrium can be determined from small temperature perturbation δ T ≡ T − T e , which satisfies the following linear dynamic equation:
Since the heat capacity is positive, the equilibrium point is stable if the coefficient of δ T in Eq. (12) is negative. Using Eq. (1), we restrict the solutions to stable equilibrium points by imposing the following condition during the numerical calculations: 
Here, α has the temperature profile depicted in Fig. 4 . To consider the effect of thermal coupling from actuator to sensor, the same approach which led to (8) is adopted. With the nonlinear profile in Fig. 3, a 6 .4 percent increase in resistivity corresponds to 263°C increase in temperature. Hence, the sensor area temperature is approximated by the following relationship:
Dependencies of the thermal conductances K 1 and K 2 on position are assumed as stated in Eq. (6). The numerical solutions for resistors' temperatures are obtained from the following equation:
Having determined the resistor temperatures from (15), the resistance values are obtained as: Using the parameter values in Table 3 and restricting the solution to stable equilibriums below the melting point, we obtain the results shown in Fig. 9 under stationary conditions. Effect of no thermal coupling from actuator is also included in Fig. 9(c) . With a position dependency for sensor temperature in the form of (14) and the selected values for parameters, conditions (11) and (13) reduce the permissible deflection range to x = 0.78L. This is expected because a larger deflection is cause by a warmer actuator, which makes the sensor area warmer due to thermal coupling. Our experimental data associated with sensor response versus displacement, which is in the range ofx ∈ [0.5, 0.64], is in good agreement with the predicted response in Fig. 9(c) within that range. Fig. 9(d) shows the predicted sensor-displacement characteristics along with the measured data. An amplifier gain of 90 and feedback resistance values of 330 were used to calculate the predicted sensor output in Fig. 9(d) from the normalized one in Fig. 9(c) .
IV. THERMAL ACTUATOR MODELS
This part addresses modeling of the thermal actuator under stationary conditions. We start from a simple linear model and then a variety of nonlinear effects are included in a step-bystep manner. 1) The overall behavior of each arm of the actuator is identical to the other arms.
A. Linear Model
2) The temperature profile along the beam is uniform.
3) The temperature coefficient of expansion does not vary with temperature. 4) The beam profile remains linear during thermal expansion. 5) The temperature coefficient of resistivity is constant. 6) The thermal conductance between each arm and the surrounding environment is constant. The first assumption considers the same electric current and temperature profile for all 20 arms of the actuator. The second assumption considers a uniform temperature distribution along the beam so that we can use the results of lumped parameter analysis in Example III-B. By the fourth assumption, we assume that the beam remains a straight line after the thermal expansion. In this way, the analysis can be reduced to that of a rigid and linear single beam as shown in Fig. 10 .
Using the first assumption and neglecting the voltage drop in the junction area between upper and lower arms, the voltage V across each arm is half of the actuation voltage V a . Assuming a constant thermal conductance K a between the arm and the surrounding environment and using Eq. (5), the arm temperature in terms of the actuator voltage is obtained as:
where R oa is the electrical resistance of the arm at ambient temperature (no actuation). Having found the arm temperature and assuming a constant linear thermal expansion coefficient for the arm defined by [37] :
where
is the arm length at ambient temperature (zero actuation voltage), the arm length L a is obtained as:
Vertical projection of arm, denoted by h in Fig. 10 , remains constant after actuation. Hence, the actuator displacement d is obtained in the following form.
where d o is horizontal projection of the arm at zero actuation.
B. Nonlinear Temperature Profile
In the linear model, we considered a uniform temperature profile for the beam, which is a very rough approximation. In [38] , analytical expressions for temperature profile were obtained for fixed micromachined polysilicon beams carrying electrical current; however, the effect of thermal expansion was not considered and the equations are only valid for sufficiently high current values. Another analysis was also presented for a bidirectional vertical thermal bimorph actuator in [39] ; however, no temperature dependency was considered for the electrical resistivity. Under stationary conditions, temperature profile of the arm can be approximated by the following one dimensional heat equation: (20) whereT = T (s) − T amb is the temperature increase of the arm at position s on the beam (the s-axis coincides on the beam as shown in Fig. 10) , A e is the effective cross sectional area through which the constant electric current I flows, k is thermal conductivity of the arm, g a refers to thermal conductance per unit length between the arm and ambient region, A is the cross sectional area of the beam, and ρ is the electrical resistivity. To solve the differential equation (20), we assume the following boundary conditions:
where G L refers to the overall thermal conductance between the lower end of the arm in Fig. 10 and the ambient region, and G 0 is the thermal conductance to ambient region for the junction zone between the arm and its upper pair. In (22), a coefficient of 2 appears because two arms are connected to the aforementioned junction zone, where electric heat dissipation is neglected for simplicity. Let us assume that the electrical resistivity can be approximated by a linear temperature profile described by Eq. (2) and the straight line in Fig. 3 . In this case, analytical solutions for the boundary value problem (20) (21) (22) are available. The form of the solution depends on the sign of the following parameter:
For positive values of η, the solution is presented as:
and the constants C 1 and C 2 satisfy the following linear algebraic equations to meet the boundary conditions:
For negative values of η, we can define β := √ −η and the solution is presented as:
2k
In the singular case of η = 0, the solution is presented as:
So far, the solution for temperature profile is in terms of the current I and arm length L a . However, the arm length after actuation is not known in advance because it depends on temperature profile of the arm. This dependence can be written analytically if we partition the arm into infinitesimal sections s i , i = 1, . . ., N, which have temperature increases T i , i = 1, . . ., N, respectively. Assuming a constant thermal expansion coefficient of α l and denoting the un-actuated length of s i by s oi , we can write a relationship similar to Eq. (18b) in the following form:
When the infinitesimal sections tend to zero while N tends to infinity, a summation over i = 1, . . ., N, from both sides of (34) leads to the following constraint on profile solution:
In this way, after choosing a solution for temperature profile based on sign of η, the arm length L a must be adjusted to satisfy constraint (35) . The actuator displacement is then obtained from Eq. (19) .
C. Nonlinear Thermal Expansion Coefficient
In the aforementioned method, we assumed a constant value for coefficient of linear thermal expansion. However, the thermal expansion coefficient for Silicon considerably varies with temperature, as shown in Fig. 11 [37] . 300 400 500 600 700 800 900 1000 1100 2.5 To take this variation into account we can use Eq. (18a) to obtain the modified form of Equation (34) as:
In this way, constraint (35) can be written in the following form:
where function g(·) is defined as:
For the thermal expansion coefficient profile in Fig. 11 , function g has the profile shown in Fig. 12 . In this way, after selecting a parameterized form for temperature profilẽ T (s, L a ) based on sign of η, the arm length L a needs to be adjusted to satisfy constraint (37) . Having determined the arm length L a , the actuator displacement is obtained from Eq. (19) .
Actuator displacement Thermally expanded arm and s-coordinate Fig. 13 . Nonlinear profile of arm.
D. Nonlinear Arm Profile (Buckling)
So far, we have assumed that the shape of the arm remains as a straight line after thermal expansion. However, experiments show that the arm can experience noticeable deviation from straight line in its shape, known as buckling. Buckling in thermal actuators was investigated in [40] by experiment and nonlinear structural finite-element simulations without considering any analytical approaches. Analytical solutions for buckling were also obtained in [41] and [42] ; however, the beam conditions in [41] and the buckling source in [42] are different from those considered here. Our analytical approach for buckling is also suitable to include effects of the thermal profile nonlinearities associated with the thermal expansion coefficient and temperature coefficient of resistivity. This problem is mainly due to slender structure of the arm, its clamped connections at the two ends, and fixed vertical projection of arms during thermal expansion (distance h in Fig. 10 ). Since the end points of the arm are clamped (not hinged), the angle between the arm and vertical direction at the end point junctions, denoted by θ in Fig. 10 , remains constant during thermal expansion (equal to cold value of θ o in Fig. 10 ). Fig. 13 shows a typical shape of the actuated arm, which is more consistent with the foregoing clamped boundary conditions at the beam ends. As shown in Fig. 13 , the straight line connecting the beam ends is adopted as x-axis, which is used as a reference to measure the arm deflection y(x). Under Euler-Bernoulli beam assumptions and a uniform bending stiffness EI, we can write the following differential equation and boundary conditions:
(40) In this way, the following shape function is obtained for the thermally expanded arm in terms of the actuator displacement d. Having determined the shape function of the arm, the arm length L a can be determined in terms of the actuator displacement as: In this way, when the s-coordinate is adopted to coincide with the curved beam, Equations (20)- (33) and (36)- (38) are still valid for the nonlinear beam. After selecting a parametrized nonlinear temperature profileT (s, L a ), based on sign of η, the beam length L a should be adjusted to satisfy constraint (37) , which considers the nonlinearity in thermal expansion coefficient. The actuator displacement is then determined from the inverse function d = L −1 (L a ), which includes the nonlinear beam profile.
E. Nonlinear Resistivity Temperature Profile
In [43] , effect of nonlinear resistivity temperature profile was considered using a numerical finite-element ANSYS model; however, their profile did not include the high temperature part of the profile that has a negative slope. Moreover, their modeling procedure was not clarified by any analytical expressions. However, the numerical method that we offer here is more transparent due to the analytical expressions presented earlier. Up to this point, we assumed a linear temperature profile for electrical resistivity, represented by Eq. (2) and the straight line in Fig. 3 . This assumption led to closedform expressions (23)- (33) 2.
nonlinear dependency of resistivity on temperature, illustrated in Fig. 3 , is to be taken into account, the boundary value problem (20)- (22) does not have any closed-form solution and requires a numerical solution. Here, we use a MATLAB solver, "bvp4c", which is suitable for ordinary differential equations with two-point boundary value problems. To accelerate the convergence and avoid unacceptable multiple solutions, we used the closed-form solutions, obtained via the linear resistivity assumption, as the initial guess for the solver. Moreover, the nonlinear curve in Fig. 3 is approximated by a fifth order polynomial with adequate precision, as shown in Fig. 15 .
F. Simulation Results
Here we use simulation to evaluate the proposed models for the thermal actuator. The parameter values were consistently selected among different models, as shown in Table 4 . Assuming the resistivity profile in Fig. 3 , the effective cross-sectional area A e was adjusted to give R oa = 500 for each arm with length of 400.02 μm, which is consistent with the measured actuator electrical resistance of 100 at room temperature. For an actuation voltage of 9V, the temperature profiles of the arm obtained by the proposed models, are shown in Fig. 16 . The legends from top to bottom refer to the last type of the nonlinearity included in the model and are orderly associated with the proposed models. In other words, the nonlinearities have not been considered individually, but in a cumulative manner as was explained in the previous sections. Thus, each legend refers to the kind of nonlinearity included in addition to those mentioned in the upper legends. For the simulation results in Fig. 16 , the actuator displacement d, increase in arm length L a − L o , the arm electric current I , and arm resistance R a have been tabulated in Table 5 . For the nonlinear models, the arm resistance is calculated after obtaining the temperature profile using the following relationship:
When the thermal expansion nonlinearity is included, the temperature profile is weakly affected in Fig. 16 . When the beam shape nonlinearity is added to the temperature profile, length, and resistance of the arm are expectedly not affected (see Table 5 ). Hence, the profiles associated with the three middle legends almost overlap. However, their displacements have apparent differences as indicated in Table 5 . The stationary displacement characteristics of the thermal actuator, obtained by the proposed models, are shown in Fig. 17 . Fig. 18 shows the predicted displacement characteristics, using the model described in Section IV-E that considers all nonlinearities, along with the experimental data. It is seen that the initial deflections predicted by the model are more than the measured values. The reason can be explained by considering the un-excited supporting beams, which were used to transfer the heat outside of the actuator. Evidently, the temperatures of these beams are lower than those of the electrically excited arms and their smaller thermal expansions compared to those of the arms exhibit a resisting force against the motion.
V. CONCLUSION
Simple lumped parameter methods were used to predict the static behavior of a micro-machined thermal sensor. Effects of thermal coupling from actuator to sensor and nonlinearity of resistivity profile were cumulatively included. The thermal actuation mechanism was first modeled by a simple lumped-parameter model. The model was gradually improved by incorporating more nonlinear effects. The effects, which were cumulatively considered in a step by step manner, are non-uniform temperature profile of the arms, temperature dependency of thermal expansion coefficient, deviation of arm shape from straight line due to end point constraints, and nonlinearity in resistivity temperature profile. The rough agreement between the resulting sensor and actuator characteristics ensures the validity of the results.
The proposed analytical methods are helpful for predicting sensitivity and power consumption of the thermoelectric sensor and actuator. They also reveal how thermal coupling from actuator to sensor affects the sensor resolution. Moreover, using the proposed methods, one can predict the voltage limitations of the sensor and actuator, which are very important to prevent damages when using high voltage ranges.
